We sought to evaluate the effects of a number of factors that can potentially determine the optimal time for aortic valve replacement (AVR) and the observed and relative survival after the operation.
CONCLUSIONS Old age was not a risk factor for excess mortality after AVR, whereas atrial fibrillation decreased relative survival substantially. Aortic valve replacement (AVR) is performed in patients within a wide age range. During recent years the average age of the entire patient population has increased as a result of a higher proportion of elderly patients (1) .
In the present study we investigated the impact of risk factors on relative survival after AVR. Calculation of relative survival is one way of measuring excess mortality among patients who have had heart valve replacement in relation to the mortality in the general population. Thus, relative survival and the effects on it by factors related to different aspects of the status of native aortic valve disease at the time of operation provide additional information on patient outcome after heart valve surgery that may be useful when considering the optimal time for surgical repair in the individual patient.
In this study relative survival was estimated in all patients who underwent AVR in Uppsala, Sweden, during a 15-year period. To obtain the relative survival in our study group of 2,359 patients, we compared the survival rate in these patients with that in the total Swedish population, adjusted for gender, age and five-year calendar period.
nique for cardiopulmonary bypass and moderate hypothermia (25 to 32°C).
Our current policy is to recommend a bioprosthesis to patients Ն70 years old. However, the type and trademark of the prosthesis were left to the discretion of each surgeon. Of the 2,359 patients, 1,776 received a mechanical valve (St. Jude, n ϭ 575; Björk-Shiley, n ϭ 625; Duromedics, n ϭ 199; Carbomedic, n ϭ 299; composite graft, n ϭ 20; and other unspecified, n ϭ 58) and 583 patients received a bioprosthesis (Carpentier-Edwards, n ϭ 213; Sorin, n ϭ 196; St. Jude, n ϭ 32; and miscellaneous types, n ϭ 142). Seven patients underwent concomitant mitral annuloplasty.
Patients with a mechanical valve were prescribed life-long treatment, whereas most patients with a bioprosthesis were recommended three months of anticoagulation, unless atrial fibrillation (AF) or other conditions indicated a high risk of thromboembolism. The therapeutic level of prothrombin complex (factors II, VII and X) ranged from 10% to 25%, corresponding to an international normalized ratio (INR) of 2.1 to 4.3.
Data collection, follow-up and outcome events. All clinical data were recorded prospectively and stored in a computer. New York Heart Association (NYHA) functional classification (2) of congestive heart failure was made on the basis of the preoperative interview with the patient. Patients who had slight discomfort in their normal activities but were able to walk a mile at their own speed and could climb stairs slowly without undue discomfort were allocated to functional class IIIA. Patients who could manage only the lightest activity without discomfort, those who were able to walk only short distances without resting and those who had difficulty climbing stairs were allocated to functional class IIIB.
A unique 10-digit national registration number is allocated to every Swedish citizen. In January 1996, all patients were followed up with respect to survival by computerized linkage to two national registers-namely, the Swedish Cause of Death Register and a continuously updated population register. By use of these combined registers, all patients could be assigned a date of death or identified as being alive on December 31, 1995. The mean follow-up period was 71.5 months.
Statistical methods. EARLY MORTALITY (DEATH FROM ANY CAUSE WITHIN 30 DAYS POSTOPERATIVELY).
For identification of factors related to early outcome, logistic regression analysis was performed (3). The odds ratio (OR) from this analysis was used as a measure of the relative risk. Table 1 ). In the age-adjusted models, the difference between the estimates of the effects of the other variables was small enough to be of no consequence. Thus, age can be used in either categorized or continuous form, depending on which alternative is more suitable in a certain situation.
LONG-TERM SURVIVAL (DEATH
The relative survival rate was computed as the ratio of the observed to the expected survival rate (4, 5) . The expected survival rates were calculated from life-tables compiled from the total population of Sweden stratified by gender, fiveyear age group and five-year calendar period (6) . The ratio O/E-where O ϭ observed number of deaths and E ϭ expected number of deaths in a cohort in the general population similar to the study cohort of patients with respect to gender, age and intervention period-was also calculated. The reference cohort in the general population was updated annually, with correction for withdrawals. Univariate and multivariate analyses of relative survival were performed for the factors that gave independent information on observed survival in the multivariate Cox model. The multivariate analyses were based on a multiplicative model, where the ratio O/E (or corresponding death risk) was assumed to depend on the explanatory variables of age, NYHA functional class, concomitant CABG, AF, aortic regurgitation and follow-up year. The model was estimated by the maximal likelihood method on the assumption that the observed number of deaths had a Poisson distribution (7) . Multivariate analysis of relative survival was based on Long-term survival. All analyses of long-term survival were based on the 2,227 patients who were alive after one month. Observed and relative survival is depicted in Figure  1 . The observed survival rates after 5, 10 and 15 years were 82.9%, 63.4% and 46.2%, respectively. The corresponding figures for relative survival were 94.6%, 84.7% and 74.9%.
The observed death risk during the first year postopera- Fig. 2) . The risk was at a minimum during the third and fourth years and then increased. During the last few years of follow-up, there were too few events for accurate estimation. The expected death risk was 0.023 during the first year and gradually increased with increasing follow-up time (Fig.  2) . During the tenth year it was 0.034. This meant that in the study cohort there was an excess risk of dying during each of the first 12 years of follow-up.
Explanatory variables.
There was a very strong association between age and the other explanatory variables (NYHA functional class, aortic regurgitation, concomitant CABG, and AF) ( Table 1) . During the study period, the proportion of elderly patients increased (17% of the patients undergoing AVR during the period 1980 through 1985 were Ն71 years old, compared with 34% during the period 1986 through 1990 and 47% during the period 1991 through 1995). The proportion of patients who underwent concomitant CABG also increased, from 24% during the earlier time period to 44% during the period 1991 through 1995. The distribution of the other explanatory variables was virtually unchanged during the study period.
Observed survival. The results of univariate analyses by the Cox proportional hazards model are given in Table 2 . After adjustment for age, the previous insignificant effect of aortic regurgitation became significant ( Table 2 ). 
The full multivariate model produced results that were very close to those obtained with adjustment for age only. All five variables included in the model became strongly significant (Table 2) .
Analyses were performed on two different follow-up periods-0 to 5 years and Ͼ5 years (Table 3 )-and the effects of the risk factors were allowed to change between the intervals. The effects of aortic regurgitation, concomitant CABG and AF still persisted after five years of follow-up, and in some cases even strengthened. The effect of NYHA functional class decreased markedly, with relative hazards of 1.44 and 1.56 after more than five years, compared with 2.03 and 2.75 during the first five years.
Relative survival. Figures 3 through 7 show the relative survival in relation to different categories of the explanatory variables. Patients in NYHA functional class II (Fig. 3) had a relative survival Ͼ100% for basically the entire follow-up period (i.e., survival was better than of the corresponding group in the general population cohort). Patients in functional class IIIB or IV had an excess mortality rate of 20% and 32% 10 and 15 years, respectively, after AVR.
Age was the exceptional variable, for which the relative (Fig. 4 , Table 1 ). The oldest age group had a relative survival Ͼ100% for a large part of the follow-up period.
Observed and expected death risks. When considering basic descriptive data on the observed and expected numbers of deaths (Table 4) , we found that in the youngest age group the O/E ratio was 4.5 (31 observed deaths compared with 6.8 expected ones) whereas in the oldest age group there were almost the same numbers of observed (n ϭ 212) and expected deaths (n ϭ 208.2), with an O/E ratio of 1.02. The full multivariate model is shown in Table 5 . The age effect was strongly negative, with a relative risk of 0.21 for the oldest age group compared with the youngest age group. For the other explanatory variables, the difference between analyses based on observed survival, with adjustment for age and relative survival, was limited. The relative hazard (RH) associated with concomitant CABG was now so small that it was not significant at the 5% level (p ϭ 0.095, RH 1.15, 95% CI 0.98 to 1.36).
DISCUSSION
This study was a prospective study of a substantial number of consecutive patients (n ϭ 2,359) who under- With a mean follow-up time of 6 years, corresponding to 14,046 patient-years, the present study has given us one of the most comprehensive analyses of survival after AVR.
In this study we used as our control the "expected" survival of the Swedish population. The survival rates of the total patient group did not return to the normal expected survival of their age-and gender-matched cohort in the general population. The study results underline the palliative rather than curative potential of heart valve replacement in most patient groups (1,8 -11) .
Factors that influence survival after AVR. The presence of AF preoperatively reduced the observed and relative survival substantially in patients with an aortic lesion. Among patients who underwent AVR and had preoperative AF, 40% were alive after 10 years, corresponding to an excess mortality rate of 42%. After 15 years, only 18% of the patients were alive, corresponding to an excess mortality rate 
Survival After AVR of 67%. Atrial fibrillation is a known independent risk factor for deaths after AVR (12) . This might be attributed to more advanced myocardial dysfunction, to an associated increased risk of lethal thromboembolism or to the occurrence of major hemorrhages in patients with biologic valve substitutes who otherwise would not be anticoagulated. However, AF may also imply a compromised hemodynamic situation and disturbed heart rate regulation during both rest and physical stress (13) . This may counteract the recovery of the left ventricular morphology as well as geometry after the operation, thereby accelerating the development of heart failure (14, 15) . This study also confirms previous findings of increased excess mortality among patients with aortic regurgitation (10 -12). These patients are younger than patients with isolated aortic stenosis or mixed valve disease. Both the etiology and clinical characteristics in this type of lesion differ from those in pure stenosis or the combined lesion.
Patients with concomitant CABG showed decreased observed long-term survival. However, these patients were older at the time of operation. Consequently, age adjustment reduced the effect on observed survival, and there was no significant difference in relative survival. However, we saw a trend toward increased disease-specific mortality after ϳ8 to 10 years, probably indicating vein graft degeneration or worsening coronary artery disease (16) . The number of patients operated on with concomitant CABG increased during recent years. Hence, with prolonged follow-up, concomitant ischemic heart disease may prove to be a relative risk factor in this study group. Patients in preoperative NYHA functional class IIIB or IV had a significantly higher operative mortality and worse postoperative observed and relative survival in comparison with those in class I or II. In contrast, patients with minimal or no symptoms (class I or II) had low operative mortality and excellent long-term survival not different from the expected survival. However, AVR should not be considered curative in these patients. The optimal timing of such replacement is a difficult decision that cannot be based solely on relative survival analyses. To be able to recommend the operation to each individual patient at the optimal point in the natural course of aortic valve disease, a number of considerations must be taken into account. Despite excellent relative survival, the valve prosthesis introduces the patient to a new disease process in which complications include thromboembolism, anticoagulant-related bleeding, infective endocarditis and structural deterioration of the valve.
Statistical considerations. Our multivariate analyses were based on an essentially multiplicative Poisson model, which means that the excess mortality is obtained by modeling of the ratio of the observed to the expected risk of death. The regression model most closely connected with relative survival, as used in the descriptive analyses, is the mixed additive-multiplicative model that was previously used by our group (17) (18) (19) (20) . Here the excess (disease-specific) mortality is modeled additively as the difference between the observed death hazard and the hazard expected in the comparison group from the general population. In cases where the excess mortality defined in this way is very small, the mixed additive-multiplicative model becomes doubtful. A more detailed discussion of the models can be found in the Statistical Appendix.
Study limitations. Several factors must be taken into account when the relative survival function (4, (21) (22) (23) ) is used to measure the outcome. First, in calculations of the expected survival in the study group, it is assumed that the survival in the general population is unaffected by deaths related to the disease being studied. Because deaths from heart valve disease are uncommon among younger people in the general population, the relative survival rates calculated in this study should reflect the disease-specific death risk, at least in the younger age groups. However, with increasing age, the prevalence rates of heart valve disease (24) and coronary artery disease in the general population increase, and these constitute a common cause of death. Second, patients accepted for heart valve surgery are selected with respect to their better overall medical condition concerning noncardiac diseases at the time of operation. This is probably more pronounced in the older age groups and will partly explain their high relative survival rate. Furthermore, the present study is focused on the prognosis in patients surviving the immediate postoperative period. Exclusion of deaths within the first month also biases the results in favor of operation. If deaths within the first 30 days postoperatively in, for example, the highest age group were considered (n ϭ 56), the number of deaths in this category during the 15 years of follow-up would be 268, as compared with the 208.2 expected in that age group. In the youngest age group, the observed number of deaths would increase by another 30% if operative deaths were considered.
It is a limitation of our study that left ventricular function, a major predictor of long-term survival after AVR (1,25), was not considered. However, data on NYHA functional class and preoperative AF were available in all patients and may at least theoretically reflect different aspects of left ventricular performance.
Conclusions. This study emphasizes the impact of age on all of the risk factors we studied. The patients showed an excess mortality during the entire follow-up period. Three characteristics on study inclusion-namely, advanced NYHA functional class, AF and pure aortic regurgitationwere independent risk factors, whereas older age was not. Studies of relative survival provide information supplementary to the estimation of the benefits in different age groups.
STATISTICAL APPENDIX
In an analysis based on relative survival, a formal model must be chosen. It is not self-evident which model should be used, and several alternatives are available. The relative survival (RS) in a group with a death risk of P 1 is obviously RS ϭ (1 Ϫ P 1 /(1 Ϫ P 0 ), if the corresponding risk in the general population is P 0 . The relative survival is approxi- Table 2 .
